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February 1993. Among our research res:tts described in detail in the cited references (Section 5),
perhaps the most noteworthy are the development/reporting of: b

R1 rational methods to predict the accessible surface area of aggregated ‘soot’ particles in high pressure
combustion gases :

R2 experimental inference of particle thermophoretic diffusivitics for titania aggregates in laminar counterflow
laminar diffusion flames; consequences of particlc thermophoresis for flame radiation , flame synthesis,
and particle-based diagnostics

R3 quantitative methods for predicting/corrclating the effects vapor phase chemical reactions on the rate and

quality of vapor-deposited metal oxide thin films
Eight presentations and 4 publications have resulted from this research program. Copies of the
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TRANSPORT PHENOMENA AND INTERFACIAL KINETICS
IN MULTIPHASE COMBUSTION SYSTEMS

1. INTRODUCTION

The performance of ramjets buming slurry fuels (leading to condensed oxide aerosols and
liquid film deposits), gas turbine engines in dusty atmospheres, or when using fuels from non-
traditional sources, depends upon the formation and transport of small particles across non-
isothermal combustion gas boundary layers (BLs). Even airbreathing engines bumning "clean”
hydrocarbon fuels can experience sootr formation/deposition problems (e.g., combustor liner
burnout, accelerated turbine blade erosion and "hot"” corrosion). Moreover, particle formation and
transport are important in many chemical reactors used to synthesize or process aerospace
materials (turbine blade coatings, optical waveguides, ceramic precursor powders,...).
Accordingly, our research is directed toward providing chemical propulsion systems engineers
and materials-oriented engineers with new techniques and quantitative information on important
particle- and vapor-mass transport mechanisms and rates.

The purpose of this report is to summarize our research methods and accomplishments
under AFOSR Grant 91-0170 (Technical Monitor: J.M.Tishkoff) during the 1-year period: 15
February '92-14 February '93. Readers interested in greater detail than contained 1n Section 2 are
advised to consult the published papers explicitly cited in Sections 2 and 5. Copies of any of these
published papers (Section 5.2) or preprints (Section 5.3) can be obtained by writing to the PI:
Prof. Daniel E. Rosner, at the Department of Chemical Engineering, Yale Uriversity, Box 2159
Yale Station, New Haven CT 06520-2159 USA. Comments on, or examples of, the applications
of our research (Section 3.4) will be especially welcome.

An interactive experimental/theoretical approach has been used to gain understanding of
performance-limiting chemical-, and mass/energy transfer-phenomena at or near interfaces. This
included the development and exploitation of seeded laboratory burners (Section 2.1), and new
optical diagnostic techniques (Section 2.2, Fig. 5). Resulting experimental rate data (Fig.8),
together with the predictions of asymptotic theories (Section 2), were used as the basis for
proposing and verifying simple viewpoints and effective engineering correlations for future
design/optimization studies.

2. RESEARCH ACCOMPLISHMENTS

Most of the results we have obtained under Grant AFOSR 91-0170 during 1992 can be
divided into the subsections below:

2.1. TRANSPORT AND STABILITY OF AGGREGATED PARTICLES: THEORY

The ability to reliably predict the transport properties and stability of aggregated flame-
generated particles (carbonaceous soot, Al;03, Si03,...) is important to many technologies,
including chemical propulsion and refractory materials fabrication.

The Brownian diffusion-, inertial-, and optical-properties of aggregated particles, as
formed in sooting diffusion flames, are quite sensitive to size (e.g. number N of “primary"
particles; see Fig. 1) and morphology (geometrical arrangement of the primary particles). Needed
are methods to anticipate coagulation and deposition rates of suspended populations of such
particles, especially in combustion systems. Toward this end we have recently devloped improved
and efficient methods for predicting the Stokes drag of large 'fractal’ aggregates via a spatially
variable porous sphere model (Figs. 1, 2). Using the Stokes-Einstein equation, the results of Fig.
2 can now be used to predict the Brownian diffusivity of such aggregates in the high pressure
(near continuum-) limit (proportional to the product of the reciprocal of the ordinate of Fig. 2 and
N-1/Dr)_ This approach is currently being extended to predict the thermophoretic diffusivity of
such aggregates, an important quantity we have recently found to be much less sensitive to size
and morphology than the translational Brownian diffusivity (Rosner et.al. 1992). Indeed, this
provides the theoretical basis for the thermophoretic sampling technique being employed in our
current experimental studies (Section 2.2). These new methods/results, together with recent




results on the spread of aggregate sizes in coagulating populations, will be used to predict wall
capture rates by the mechanisms of convective-diffusion, turbulent eddy-impaction, and
thermophoresis (Rosner, Tassopoulos and Tandon,1993). Also needed are methods to predict
interactions between aggregates and their surrounding vapor environment---interactions which
can lead to primary particle growth, or burn-out. Toward this end we have also developed new
and efficient methods to predict the "accessible surface area" of aggregates (expressed as a

fraction , 1, of the true surface area in Fig. 3), including its dependence on size (N), structure

(fractal dimension, Dy), probing molecule reaction probability o, and pressure level (via Knudsen
number based on primary particle diameter). Figure 4 shows the test of our "effective Damkohler
number” correlation approach when compared with exact results of many numerical integrations
(Rosner and Tandon,1993).

Also recently initiated are studies of the restructuring kinetics of aggregates — ie. those
factors which determine the observed size of the apparent "primary particles” comprising soot
particles, and the "collapse" of surface area observed in some high temperature systems (Cohen
and Rosner,1993),

2.2. FORMATION, TRANSPORT AND STABILITY OF COMBUSTION-GENERATED PARTICLES:

1 AMINAR COUNTERFLOW DIFFUSION FLAME EXPERIMENTS

A manuscript describing our measurements of the thermopiwi ciilc diffusivity of flame-
generated submicron "soot" particles using a (TiCly(g)-)seeded low strain-rate counterflow
laminar diffusion flame (CDF-) technique has just appeared (Gomez and Rosner, 1993). A
knowledge of the relative positions of the gas and particle stagnation planes and the associated
chemical environments, can be used to control the composition and morphology of flame-
synthesized particles. These factors should also influence particle production and radiation from
turbulent non-premixed "sooting” flames, as discussed further in Gomez and Rosner, 1993.

To extend this work to obtain fundamental information on nucleation, growth and
aggregate restructuring, during this past year we have developed an improved "slot-type” bumer
(Fig. 5) and introduced instruments to carry out in siti measurements of particle Brownian motion
("dynamic light scattering”). We have also developed a thermophoretic sampler (Fig. 6) to extract
aggregates from various positions in the seeded-CDF for morphological analysis using electron
microscope images. Aggregate data obtained from CHy flames seeded with titanium tetra-
isopropoxide (TTIP-) vapor are now being obtained and will be analyzed using the theoretical
methods briefly outlined in Sections 2.1, 2.3.

2.3. MULTIPHASE BOUNDARY LAYER THEORY: NUCLEATION, GROWTH, THERMOPHORESIS AND

INERTIA

Our IJHMT J paper giving comprehensive results of Seeded micro-combustor
experiments, and ancillary theoretical calculations on the interesting competition between particle
inertia and particle thermophoresis for the case of laminar gaseous boundary layers on surfaces
with streamwise curvature (e.g., turbine blades), should appear this Fall (Konstandopoulos and
Rosner, 1993).

We are now carrying out theoretical studies on the structure of thin reaction-nucleation-
coagulation 'sublayers' within laminar boundary layers, including stagnation flows similar to
:)h?se ?chieved in our counterflow burner (Fig. 5) and CVD-impingement reactor (see Fig. 7

elow).

An account of our recent studies of the unusual population dynamics of coagulating
absorbing-emitting particles in strong radiation fields is about to appear in Aerosol Sci. Tech.
(Mackowski et.al., 1993). For a useful overview of our recent work on these and other effects of
energy transfer on suspended particle dynamics, see Rosner, er. al., 1992, which was included as
an Appendix to our last OSR Annual Report.

2.4. KINETICS AND MORPHOLOGY OF CVD-MATERIALS IN MULTI-PHASE ENVIRONMENTS

A small impinging jet (stagnation flow) reactor (Fig. 7) is being used to study the chemical
vapor deposition (CVD-)-rates of refractory layers on inductively (over-)heated substrates
(Collins, Rosner and Castillo,1992,1993). These measurements, initiated with the co-
sponsorship of NASA-Lewis Labs, are being used to understand deposition rates and associated




Fig.1 "Porous sphere” model of large fractal aggregate
suspended in a background gas; basis for the calculation of
translational and rotational Brownian diffusion coefficients,
thermophoretic diffusivity, "stopping time", accessible area,
and restructuring kinetics (after Rosner and Tandon, 1993,
Rosner, Cohen and Tandon, 1993)

T =TT —==cT—Tp?

001 £

=01, D=18
N l' 1
10 100 1000 1m~ 100000

0.001

1E+008

Fig. 3 Pressure dependence (via the Knudsen number based on
primary sphere diameter) of the accessible surface area of large
"open" (Dr=1.8) aggregates; reaction probability, o, of

probing molecule 0.1; (after Rosner and Tandon, 1993)
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Fig. 2 Drag reduction associated with effective permeability
for quasi-spherical "fractal” apgregates comprised of N
primary spheres in the continuum regime (a = Ryax=

{(3/2) «[Dg+2)/D1l) lnngra(iQn) (after Rosner and Tandon,
1993)
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Fig. 4 Test of an "effective Damkohler number” correlation
for the accessible surface area of a large fractal aggregate (after
Rosner and Tandon,1993); success makes possible the
erficient calculation of the accessible area evolution of
polydispersed populations of aggregated particles in
combustion gases.
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Fig.5 "Slot”-type counterflow diffusion flame (CDF-) burner  Fig.6 Probe for rapid local extraction (exploiting
set-up for in situ and extractive experimental studies of the  thermophoretic transport) of aggregates formed in a laminar
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sponsorship of NASA-Lewis Labs, are being used to understand deposition rates and associated
deposit microstructures observed in highly non-isothermal, often particle-containing local CVD
environments. Figure 8 shows (logarithmic ordinate) our apparent first order deposition rate
constants vs. reciprocal surface temperature for TiO2(s) obtained from TTIP(g). The dark points
show our predicted surface temperatures for the onset of vapor phase reactions ("vapor phase
ignition"(VPI)) within the boundary layer and the onset of vapor phase diffusion control of the
heterogeneous reaction(Castillo and Rfsnir,l993)'
ek

In our OSR-sponsored Yale HTCRE Lab research during the past year, briefly reviewed
here, we have shown that new methods for rapidly measuring particle transport rates, combined
with recent advances in boundary layer theory, provide useful means to identify and incorporate
important, but previously neglected, mass transport phenomena in many propulsion engineering
and ma* -ials engineering design/optimization calculations.

Despite the formidable complexities to be overcome in the design and operation of air-
breathing propulsion power plants utilizing a broad spectrum energetic fuels these particular
techniques and results are indicative of the potentially useful simplifications and generalizations
which have emerged from our present fundamental AFOSR-funded research studies of
combustion-generated particle transport mechanisms. It is hoped that this Annual Report and its
supporting (cited) papers will facilitate the refinement and/or incorporation of some of the present
ideas into engineering design procedures of much greater generality and reliability. This work has
already helped identify new directions where research results would have a significant impact on
engineering piractice in both the defense and civilian sectors of the US economy (Section 3.4).

3. ADMINISTRATIVE INFORMATION:
PERSONNEL, PRESENTATIONS, APPLICATIONS,
"COUPLING' ACTIVITIES

The following sections summarize some pertinent 'non-technical' facets of the
abovementioned Yale HTCRE Lab/AFOSR research program:
3.1 Personnel

The present results (Sections 2 and 5) are due to the contributions of the individuals listed
in Table 3.1-1, which also indicates the role of each researcher and the relevant time interval of
the activity. It will be noted that, in addition to the results themselves, this program has
simultaneously contributed to the research training of a number of students and recent PhDs, who
will now be in an exceilent position to make future contributions to technologies oriented toward
air-breathing chemical propulsion, and high-tech materials processing.

Table 3.1-1 Summary of Research Participants® on AFOSR Grant :
TRANSPORT PHENOMENA AND INTERFACIAL KINETICS
IN MULTIPHASE COMBUSTION SYSTEMS

Name Statusd __ Date(s)  Principal Research ActivityR

Albagli, D. PDRA 4/92- particle production in CDFs

Cohen, R. D. KA 1,2/93 aggregate restructuring theory

Collins, J. GRA '92,'93 CVD of ceramic coatings

Gomez, A. Asst.Prof. ‘92 Ms. on particle transp. props.(CDFs)
Kho,T. GRA '92,'93 chemical vapor infiltration (coatings)
Papadopoulos, D GRA ‘92 transport phenomena in CVD reactors
Rosner, D.E. PI '92-'93 program direction-dep. theory/exp
Silverman, L. PDRA ‘92-'93 spray evap/comb. at high pressures
Tandon, P. GRA '92-93 transport phenomena in BLs and CDFs

2PDRA=Post-doctoral Research Asst GRA= Grzduate Research Assistant
PI = Principal Investigator VS = Visiting Scholar
b See Section 5 for specific references cited in text (Section 2)
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3.2 Cooperation with US Industry

The research summarized here was supported by AFOSR under Grant 91-0170 (2/15/92-
2/14/93). The Yale HTCRE Laboratory has also been the beneficiary of continuing smaller grants
from U.S. industrial corporations, including GE-Schenectady, DuPont, and Shell as well as the
feedback and advice of principal scientists/engineers from each of these corporations and
Combustion Engineering-ABB and Textron, We appreciate this level of collaboration, and expect
that it will accelerate inevitable applications of our results in areas relevant to their technological
objectives (see, also, Section 3.4, below).

3.3 Presentations and Research Training

Apart from the publications itemized in Section § and our verbal presentation (of progress)
at the regular AFOSR Contractors Meeting (6/18/92, La Jolla), our results have also becn
presented at annual or topical conferences of the following professional organizations:

Int. Fine Particle Res. Inst. (6/2/92; Harrogate England))

AIChE (11/3/92; Miami FL)

In addition, during the period: 2/15/92 -2/14/93, the PI presented seminars at the
following Universities:

U Manchester Inst.Sci.Tech. 5/28/92  Leeds 5/29/92 Penn State (7/28/92)
Brown (9/22/92) Notre Dame (10/27/92)

In all, a total of 8 external talks were given based in part on the results of this AFOSR research
program.

This program involved the PhD dissertation research of two Yale graduate students (J.
Collins and P. Tandon; ¢f.Table 3.1-1). Indeed, J. Collins is expected to complete his PhD
degree requirements in Fall '93.

3.4 Some Known Applications of Yale-HTCRE Lab Research Results

It has been particularly gratifying to see direct applications of some of this generic
AFOSR-supported particle and vapor mass transfer research in more applications-oriented
investigations reported in recent years. Indeed, the writer would appreciate it if further examples
known to the reader can be brought to his attention.

In the area of multicomponent vapor deposition in combustion systems additional
applications of our predictive methods (for "chemically frozen" (Rosner et.al., 1979) and LTCE
multicomponent laminar boundary layers) continue to be made by British Coal Corporation-
Power Generation Branch (1. Fantom, contact) in connection with their topping cycles which run
gas turbines on the products of fluidized bed coal combustors/gasifiers. The writer has also
proposed applications of our computational methods to Aerojet Propulsion Div. ( D.M.
Jassowski ) in connection with predicting the chemical stability of iridium rocket nozzle coatings.
Our Poster in the 1988 Combustion Symposium (Seattle) appears to have motivated Prof. Takeno
(Nagoya) to initiate experiments using a laminar counterflow diffusion flame to estimate the
thermophoretic diffusivity of LDV seed particles. Our paper on the experimental determination of
smaller aggregated particle thermophoretic diffusivities using laminar CDF/LDV/Laser Light
Scattering techniques is nearing completion, and will be submitted to Combustion Science and
Technology early in our next year's program. Also, in combustion research many groups (eg.
Dobbins er.al. (Brown U.), Faeth et.al. (U. Mich.), Katz et al. (J.Hopkins U.)) are now utilizing
“thermophoretic sampling” techniques to exploit the size- and morphology-insensitive capture
efficiency characteristics that we have proven in our AFOSR research (Section 2.1).

Explicit examples are provided in ongoing work at MIT (Walsh et.al. 1992), and Sandia
CREF, both groups having incorporated our rational correlation of inertial particle impaction (e.g. a
cylinder in cross-flow) in terms of an effective Stokes number. This PI was also pleased to
confirm recent applications of our AFOSR and DOE-supported research (on the correlation of
inertial impaction by cylinders in crossflow) by the National Engineering Laboratory (NEL) of
Glasgow Scotland (Contact: Dr. Andrew Jenkins). NEL is apparently collaborating with

é




Marchwood Labs-CEGB on developing mass-transfer prediction methods applicable to waste-
heat recovery systems in incinerators, as well as pulverized coal-fired boilers. These applications
are somewhat similar to those reported by the Combustion Lab R&D group at MIT and Penn
State U.

As mentioned last year, explicit use of our studies of self-regulated "capture” of incident
impacting particles (Rosner and Nagaragan, 1987) is being made in current work on impact
separators and ceramic heat exchangers for coal-fired turbine systems in high performance
stationary power plants. Other potential applications arise in connection with "candle filters” used
to remove fines (sorbent particles,...) upstream of the turbines. A useful summary of work in
these interrelated areas (Solar Turbines, Textron Defense Systems, Hague International,...) was
presented at the Engineering Foundation Conference /norganic Transformations and Ash
Deposition During Combustion. , the proceedings of which appeared during this past year.

Clearly, fruitful opportunities for the application of our recent "non-Brownian” convective
mass transfer research now exist in many of the programs currently supported by the US Air
Force, as well as civilian sector R&D.

4. CONCLUSIONS

In the OSR-sponsored Yale HTCRE Lab research during the period: 2/15/92-2/14/93,
briefly described above, we have shown that new methods for rapidly measuring particle-mass
transfer rates , combined with our recent advances in mass transport theory, provide useful means
to identify and incorporate important, but previously neglected, mass transport phenomena in
many propulsion engineering and materials engineering design/optimization calculations. One
important class of examples involve our treatment of aggregated particle transport phenome na
(Section 2.1)

Despite formidable complexities to be overcome in the design and operation of mobile and
stationary power plants utilizing a broad spectrum of energetic fuels the abovementioned
techniques and results (Section 2) are indicative of the potentiaily useful simplifications and
generalizations emerging from our present fundamental AFOSR-funded research studies of
combustion-generated particle transport mechanisms and interfacial reactions relevant to the
synthesis of refractory materials. It is hoped that this Annual Report and its supporting papers
(Section 5) will facilitate the incorporation of many of the present ideas into design and test
procedures of greater generality and reliability. This work has also helped identify new directions
where it is anticipated that research results will have a significant impact on future DOD and
civilian sector engineering practice.

5. REFERENCES
5.1 CITED BACKGROUND PUBLICATIONS (Predecessor OSR, DOE- Grants)

Castillo, J.L., Garcia-Ybarra, P., and Rosner, D.E.,"Morphological Instability of a
Thermophoretically Growing Deposit”, J. Crystal Growth 116, 105-126, (1992)

Eisner, A.D. and Rosner, D.E., Experimental Studies of Soot Particle Thermophoresis in Non
Isothermal Combustion Gases Using Thermocouple Response Techniques”, Combustion and
g{a;no% 6119’81653-166( 1985); see, also: J PhysicoChemical Hydrodynamics (Pergamon) 7,

-100 (1986)

Rosner, D.E. and Kim,S.S., "Optical Experiments on Thermophoretically Augmented
Submicron Particle Deposition From 'Dusty’ High Temperature Gas Flows", The Chemical
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Gomez, A., and Rosner, D.E.*, "Thermophoretic Effects on Particles in Counterflow Laminar
Diffusion Flames " Combustion Science and Technology 89, 335-362 (1993)

Gomez, A., Rosner, D.E. and Zvuloni, R., "Recent Studies of the Kinetics of Solid Boron
Gasification by B203(g) and Their Chemical Propulsion Implications"”, Proc. 2d int. Sympos.
on Special Topics in Chemical Propulsion: Combustion of Boron-Based Solid
Propellants and Solid Fuels, (1993), pp 113-132.

Rosner, D.E., Konstandopoulos, A.G., Tassopoulos, M., and Mackowski, D.W, “Deposition
Dynamics of Combustion-Generated Particles: Summary of Recent Studies of Particle
Transport Mechanisms, Capture Rates, and Resulting Deposit Microstructure/Properties”,
Proc. Engineering Foundation Conference: Inorganic Transformations and Ash
D;pg%iéion During Combustion, Engineering Foundation/ASME, New York (1992); pp.
585-

5.3 PAPERS IN PREPARATION OR SUBMITTED FOR PUBLICATION

Albagli, D., and Rosner, D.E., "Factors Governing the Accessible Surface Area of Combustion-
Generated Ultrafine Particles” (in preparation, 1993)

Cohen, R. D, and Rosner, D. E. , "Kinetics of Restructuring of Large Multiparticle Aggregates”
(in preparation 1993)

Castilio, J. L. and Rosner, D.E., Role of High Activation Energy Homogeneous Chemical

ngc(:)t;(\)ns in Affecting CVD-Rates and Deposit Quality for Heated Surfaces”, in preparation,

Konstandopoulos, A.G. and Rosner, D.E.,"Inertial Effects on Thermophoretic Transport of
Small Particles to Walls With Streamwise Curvature---1. Experiment, II. Theory", Accepted
1993 Int. J. Heat Mass Transfer (Pergamon)

Konstandopoulos, A.G., Labowsky, M I., and Rosner, D.E., "Inertial Deposition of Particles
iggrr(lllg’gge)mial Flows Past Cylinder Arrays", J. Aerosol Sci (Pergamon Press) 24 (4) 471-

Mackowski, D.W., Tassopoulos, M. and Rosner, D.E.,"Effect of Radiative Heat Transfer on the
Coagulation Dynamics of Combustion-Generated Particles”, (Accepted 1992; Revision
submitted to Aerosol Sci. Technol (AAAR) (1993))

*During this reporting period; Full papers are reproduced in Section 6 (with Forms 298)

8




Park, H.M., and Rosner, D.E., "Thermophoretically Induced Phase Separation in Highly-
Loaded 'Dusty’ Gas Mixtures”(Revised version of HTCRE #162, in preparation 1993)

Rosner, D. E., Colling, J. and Casuilo, J.L., "Onset Conditions for Gas Phase Reactions and
Particle Nucleation/Growth in CVD Boundary Layers”™, submitted for Int. Conf. on CVD
(X11), 1993.

Rosner, D.E. and Tandon, P., "Diffusion and Heterogeneous Reaction in Large Multi-pantiucle
Aggregates; Calculation and Correlatior, ui "Accessible’ Surface Area”, (accepted; 10 appear
AIChE J. Winter '93-'94)

Rosner, D.E., Tassopoulos M., and * * ~don, P. , "Sensitivity of Total Mass Deposition Rate and
Resulting Deposit Microstrucrure to Morphology of Coagulation-Aged Aerosol Populations of
Aggregated Primary Particles”, in preparation, 1993)

Zvuloni, R., Rosner, D.E., and Gomez, A., "High Temperature Kinetics of Solid Boron
Gasification By its Higher Oxide B203(g): Flow Reactor Techniques, Rate Measurements and
Their Chemica’ “mplications”, J. Phys. Chem. (1o be submitted, 1993)

LIST OF ABBREVIATIONS

BL  Boundary layer CDF Counterflow diffusion flame
CVD Chemical vapor deposition CRF  Combustion Research Facility
LDV  Laser Doppler Velocimetry LTCE local thermochemical equilibrium
MRS Matenals Research Society  TTIP Titanium tetra-isopropoxide

6. APPENDICES (Complete Papers Published During 2/15/92-2/14/93
Period; including Form 298 for each)

HIGH TEMPERATURE CHEMICAL REACTION
ENGINEERING LABORATORY
YALE UNIVERSITY
BOX 2159, YALE STATION
NEW HAVEN, CONNECTICUT 06520 U.S.A.

2




form Approved
OMS No. 0708-0188

REPORT DOCUMENTATION PAGE

# WOrneUen & IS E 19 ever 1 W St rORerNg . ARG Ty ining ter
Ty ox e vt 1 e o ey e 3 e Tl e ey o
”-u--?-uq"r—w-m\mwuhmummmw PIrTten DEIrTngr sv Aewern, 1113 Mefteruen
Doves Mighesmy. Sult 108, Arfogeon, VA 127014301, snd 39 1o O1ice 0F Meragowwe sndf §uigr. Fepirwert Asdhction Progect I 7964 1360, Woshengumn OC 20

PULTNCTONL. MU R SYWIONg $RLD WaSTOL

TAGINCY UST ONLY (Leave bank) ] 32. REPORT DATE 3. RIPORT.TYPE AND OATLS COVIRED
I AGENCY (LY few 1992 Repants Sympos. Proc.-MRS

4 TITLE AND SUBTITLE
ONSET CONDITIONS FOR GAS PHASE REACTION AND NUCLEATION PE - 61102F

1:. PURDSNG NUMBERS

IN THE CVD OF TRANSITION METAL OXIDES PR - 2308
SA - BS
iaditas G - AFOSR 9)-0170
1. Collins , D.E. Rosner and J. Castilio
7. PERFORMING ORGANIZATION NAME{S] AND ADORESS{ES) & PERFORMING ODRGANTA NION
HIGH TEMPERATURE CHEMICAL REACTION RIPORT NUMEER

ENGINEERING LABORATORY
YALE UNIVERSITY
BOX 2159, YALE STATION
NEW HAVEN, CONNECTICUT 06520 U.S.A.

] CY RAME{S) AND ADODRESS(ES 10. SPONSQRING / MONITORING
3. SPONSORING { MONTTORNG AGENCY RAME(S) AND AD (ES) AGEINCY NISORT NUMBIR
AFOSR/NA
110 Duncan Avenue, Suite E115

Bolling AFB DC 20332-0001

11, SUPPLEMENTARY NOTES

122. DISTRIBUTION / AYAILABIITY STATEMINT 128. DISTRIBUTION CODE

Approved for public release; distribution is
unlimited

P et ——
13. ABSTRACT (Meusmuwm 200 wordy)

A combined experimental/theoretical study is presented of the onset conditions for gas
phase reaction and panticle nucleation in hot substrate/cold gas CVD of transition metal oxides.
Homogeneous reaction onset conditions are predicted using a simple high activation energy
reacting gas film theory. Experimental tests of the basic theory are underway using an
axisymmetric impinging jet CVD reactor. No "vapor phase ignition" has yet been observed in the
TiCly/O; system under accessible operating conditions (below substrate temperature Ty=1700 K)
and further experiments are planned using more reactive feed materials. The goal of this research
is to provide CVD reaclor design and operation guidelines for achieving acceptable deposit
microstructures at the maximum deposition rate while simultaneously avoiding homogeneous
reaction/nucleation and diffusional limiations.

14 SUNICT TEIRMS 15. NUMBER Of PAGES

chemical vapor deposition, vapor phase ignition, metal oxide films

chemical reaction engineering , convective-diffusion, Soret mass transport 16 PRk coot

17 SECUNTY QLASSEICATION
OFf RIPORT
Unclassified

W SECURITY CLASSIFICATION
OF THiS PAGE

Unclassified

18, SECURITY CLASSIFICATION
OFf ARSTRACY
Unclassified

20. UMITATION OF ABSTRACT
UL

NSN 7540-01-280-3500

e,

Stancdard Form 293 (890104 Dratt)
Tohed by A e




4181308 y3eesay HOUBINN Lhéi - DSL 10A 2909 Gwig 30§ oy iy

01 Jqrsyod 3y USIE PINGYS 1 A3y PIUNING Al 3110 SBATEUT J1a)d10) AW T Yim opd SRSy
ue Juisn eiep ica uoniodap Jwsrasu Ajjeuuauodd woy Savwesed duaury snodusdosdiay
12EOYS OF 3003640 VOWILOD mou St ST sl 91 - SUOLHPUGD LOdSUTIL PAUIP-|lam 1apun
UIXE) EIEP NES LuisOdIN WOl SINMWTIT MNIANY BHNOE SPOUIBosOY 18O 13e1x3 0 Kupqe
3 G [ UOAR Y 10 DNPOIdAG (A0 ATHUN0E v SUOLITINUL JTUOISRY NP 33ca Jodea pur
IdA WK Bunpioat 15nf Jjiym st vouisodap dzuincus Yy w suonipued Juntiado ramdo (ALY
PUE TUINLD UBISIP JOIITM YUQEISI OF CICE SIUIUCY [EWIYD $002uIB0I3Y Pue snoduadowoy
JLGEIreAT (iw PISA 3G UEI YOIy m A202 1623033 £ dog3a3p 01 S1 3A0(Q0 INQ adepns uamsodap
134 Y1 01 Judeipe 12AT) ASCPUNOQ FEULIYL A LY PIPPIQWS 1a4eiqns Bunaear Ajeonuay)
UIYL © 01 SUONITH SNOAUIZOWOY SAULJUOY AZIAu3 LONRATLE YBIY 213Um Swaisks w1 uotiudy
seyd 10dea )0 13%u0 A paud 03 AIOAQ IAUEHIUEAD € JO UOHEIYUIA [CAINIAI Pt Waud0jaap
3yl wi 15185C 01 Pasn Buiaq ame 1RSI ewawiady3  uoNTNUIIU0D sADAds astyd sodea
F£I0] 0 AL ANSTIU JAISANUL-UOU PUR JIAT| AITPUNOQ 341 L1 PAIRIINU sIpditred waody Buuduey
w1 2O OSTE [pn AL I ALY SIMDAISOINW Usoddp ur s3BUTYd puT s votisodan
10 SISTADIP 3IQRAINQO WO ALIISGNS 104 © 07 Juadeipe AITPUNDQ JELLIY) 4] W [4A JO 19500 2
Buwaiyur are 3w ndiUed ul suontpuod bodsuen peunjap-tiam 13pum wotitudr astyd rodes Apars
Apjerawuads s o1 101e wiod vonituders 13- Suidudw we 3uish ae pue pIdojasdp I

PIIUIDCITYD 1 10U BIm SR X2 Sy N SUOTIPUOY LOdsUTa 3y
RNCIN (WSS [TIIGI JIGI0 MOJT 13]} SICIEAL J3YI0 N N0 {jim uvoisiudt aseyd Jodea yaiym
13puUn SUdPUDY 11PAId 01 TIEP SIY 35N 01 YRDLHIP 11 A|ITUNLIOJU(Y YINOIOW 150W 3yt X {[1IS
Aews sapms [oiwdwuadrd ATs sig pue 70 th 71| W) uoitsodap CIURNL 10§ (p] Aodtiysoyn
AQ PauLAA) 1K1 BIM JJA O1 PANQUIT SISTHIP AT DNTWEIQ [L] ANPIGEIU Mweuipouniog
1IUp0sd UONIIEII ST YIS TSISNEI IAHNC 01 NP 3 ATW SISCADAp i uonisodap asmciadw)
GBIy 1e PauohiuaW 3 OstE 150 3] 19°¢) uinsed >~ -0 sodeasaiused Waaup Ajjcanaoydousay
Yitm PACIDOSSE BUIVIYIN0I IBHIW O) anp s Ywmoid Wiy Pascaidul 0 peIa ued
UONTIPINY JPDIUEd SNOMAZOWY JO 1SUD AN SWINSAS ALDSQNS [00ISES Y0y W PULY IS0 LU
‘angriadwal 23eums Jutscanm ynm saies voinsodap w dosp dueys e 4q voinudi aseyd Jodea 1332p
01 2g1550d U0 31 1 WAt Jo aocns Buimaud 3yl AATEDS A)IANDIIPI UL SUONIEM snodusdowoy
JO 5U0 g WG UdA) voudr pTyd sodes (sapdrucd Igug ¥9) snposd Junsodap
-UOU Ul 1{NS2 YRY W SUOHDEAS SNOJUITOWOY AQ UOLIGIINSUO) JUBT) JWEIIUE JO 1sU0 BIPPNS
AP [Ed 34y (] s0dap tou op “wrd oW AP s0j "pur 30N A wouy pIfda Sjjendtoydounag
e ygagw sadued anpord AvaisQRs 10y Iyl o1 1LIIC(PC SIAC[ AICPUNOQ [CULEIYT SYL
UN SUOIIIN3S snOIUIZOW0Y YIIYw U1 SWiisAy (0,47 AE0vans wgaTd pjod w ars Apsepnotied $isiyg
o= 1] AqEnb Wiy pIINPAI PUT SALS UOIISOAID PATILIN L0 BUTINSII UANO “SIPIXO {TIAW VORISR
10 QAD M v wAqoId UOWIWIOD € 51 KOUEI}INY AINE PuT vordra Fseyd sed Jo 1asuo Ay

NOILDNAOYLINI

“SUORPBLIY [TUCISAIND PUT UOITIIRUAIOTIOCA
SNO2WAB0WOY FUIMOAE A SNOIURINWIS A)IYm ITI LOHISOTIP WNWI XTI Y I SANIDISCINW
usoedap quadadse Buiasiyor 1oy sawmjapind vonesxdo pur udisap 101383 gAD Ip1aoid 01 1
YIMeISA StE O {C03 QY SjeuUIcw Py Iadeal Aow Juise pauureyd ase stuawuadx 3 pyuny pue
(3 002 1=™ 1 wmtiadisa) RLIISQNs MGJaqQ) SUBIPUOD Buntiado 3jGISSIDIT I3PUM WANSAS TOM L
3 U paa1asqo U2aq 134 sey  uonud avyd Jodes, oN 10103 QA D 12f BuBnidwi dUBLLASIXE
ue Fuisn Kemsdpun st Aosyl MISEQ Ayl Jo i [rwdwpadxy  Koay wiy sed dunocas
A313u uoneandt y3iy apduns ¢ utsn PANIPIId T SUOHIPUDD 135UO UONDES SNLUIBOWOH
"SIPING [BIIW UOIHSUTN JO JAD) B3 PIOI/31LasgNs 10y Ui boneajany spdted pur uondcas aseyd
sed 1o} stonIpuod 13su0 A J0 pauAsud st Aprs (onuoYEIUSWIIEXS PANqUWOS v

1ovyalsay

wrds URORT PLPRIX T 1109 epdy [muawepung esiY WAT G AN Ng

VS 65 12-07690 LD UIATH moN “qry 3YILH “1d3Q 13u3 widy) “aun At ke
QONNSED [ pur rsausoy “3 ' SO0 T

SHAIXO TVLIIN NOLLISNVYEL 40 AD dHL
NI NOLLYZTONAN GNV NOWLDYIY 3SVHA SYD 04 SNOLLIONOD LISNO

s

elueajdsuua g 'y3inqgsiiyg
ALIIDOS HOYVISIY STVINILVIA m MH E

V'S ‘etuaogie)) 's|tH pUE|poop ‘uonesodiol) uotieaouu] ajisodwo))
USIIBAA "M Saure(

V'S ‘A3s1af maN ‘UOqOH ‘A80j0uyd3] JO AININISU] SUIANS
stojjey "W pieuiad

V'S ‘asssauus] ‘a8piy qe ‘A10jea0qe] jruoiieN 33pry xeQ
uuewsag "N s10posy ]

'53011da3d

VUG ‘SHIISNYILSSEIA] "UOISCE ‘1661 ‘9-% Jaquiara(] pfey wnisodwiAg

[[ solwelaD) pue s[e3ajy A103deljay
jo uonisodag 10dep [edrwayd)

0ST INNTOA SONIQITDOUS WNISOIINAS ALIIDOS HOUVISIY STVIHILVIN




"DILUSANS dYE YIPX2 urd 525ed 35041 JO uoudey
qedqdou 2 ing “are(noids saved 1uaSeos DY) 210YM JOIIEII JYI JO SIILIOD YL UL UNIS 1IM SIRIeY s

{313u3 uOTIEANIL SN03UATOWOY B JWASSE 0) A1LSSIIAU 3 PIaom 1t *A109y1 Jtseq Ino Jutsn y ¢zt 1
wnwr;u ﬁwh_ow.no m.o..ousﬁoz.w uteydx3 ol s3p10 vy “jeapead L34 1 vy pue (€ a3y o IAeds
350) N 001T [HUn [dA 01 30D 21gs Lohnsodap ut jj0-({E) © mOyS Jou Op Sluawnadxa sasodeiysoyn
ur SUOLPU0) Moy srewixosdde a pue Atawesed Snaury asat Jursn SUOHIRND(ED 18l uottsodap
02y} wyy Jimoeay 3240l (£) %andyy U1 9IS 5q UTI SE *{ | 1] SIAIULY UOHEPIXO ML jegoyd
30 Apms (3013831 mop [CUAIAQIOST) uapuadapul 13033 € wol) siudwesed Juauly sno3uBowoy
put [y} arodergsoun woy siandwesed ouauiy snosuadosaay Juisn apew e suopendpes
181 LAY SINSIT EIUIWLANZ IN0 Yim IUAISISEOIUI (10U 05[e are Adoay wiy Juniea: nseq ano
JO snsar ayy  Saumiesadwidn e e aensgns s vo Juidurdus yaf Acustid 3a0s-3p21ured © pajessas
uotidadsur ensiA soueid 4RIISQNS A PUR 11XI ZZOL YL UIIMIAG 1013831 A ydnosy pessed
SEM YITYM 1224S 19| W 7] B 230p0id 01 PISN ST JIST] IN-IH MLO( B YANYM 1 Siuawuadxa
Sunanuess i AlRVWIRId yim WSISISUOD SI JOIOEAL JNO Ul JdA JO 3IUISQEe Y

’ , 1o1°6] 13ket bumocaon 13suen mudnw \M“.uowhwﬂ wwwwﬂﬂu

dnodin uoIsnijip 140G puR ¥dty pue adepIL Pos/sed e wALQin !
w..uo- u%&:m,mkwwa_:uwu W) UOISRIJP-UDLIDRAU0D MDY Y mon.unoa% M 00€1 wmops
BITp 1tz uontsedap 10 Jo uot3ar ANSUISUY smesadwar A[atieas SUL JH0-({8f Ites antesadudi
y31y ou g N 00 1 £1Y3N0s I8 J0NU0D UOISRYIP 01 {OAIUED JUAUTY maoucuwes.u; wosy uolisues ¢
MOUS 1Y W ZQ/FIDL W0y uoiisodap elueil J03 Snsas 1na (¢} andy o umoys sy {y} suompuod
AO() 1URIBJIP S3YITS 13PUN INQ WASKS JRIUUIYD JWTS Iyt Jog 3 STTE »._co 12 [gA poredpul
YOIy “sinsas [erusuitadxa s u0dewsoyn wolj Wup L1aa st siyyp E.o_m? IVRQMDIL
a1 W Y OL! 01 dn sunieiadwal A1LaSQNS 10§ PIALISQO UING STY [JA OU “SUCIIIPUOD 10150
PIUDHUILIIAOQE 341 FIPUR 1843 ST PIUIIGO IaeY 3 1fnsal Arevuntjaud Suyns 1sow dyy

NOISSNISIQ ANV SLINSIY AYVNIWITIND

1.
o NDLAIPIXO (3w | = An20(3a ajzzour ooz oy
Hooe S % 7 StN020 W10 d
%66 Iy A00LY-006 ML

are sluawuadx? Areuunaid
t pesn suonpucd Junesado prepurlg “prod 10 104 St 1010IIENS SYI UIYM SUOTHIOISIP
HNCco_w uu&o:m..ww_u_cua BIUBNI UL} Yim papaas uodre Buisn 13l 3y Jo uouezI{ERSIA som
‘prIpu] (13{ Y1 wouj Aeme Smoy uIALPp-AoURAONQ 9q Az Az - 190 Jurdwdwit syl 10§ ._unEw...
JOYSEID 3 st 1) ‘{<< 10/;%%y 3ouis Wl wadeas Arewud ag Ut PAIdIdx? 10U ST UOLIDIAU
JesnIRY SUOHIPUOD IS Japun) ‘(1Pfs smipes spzzou uo paseq) 009 Pue 001 A_s.w:o‘_ :uua_num
Piyy saquiny sploukay 19f Furduidust pue ‘Bgin 0 PuT ('Q UMM g Anssatd 'y ~oo@_ oi
A1 AR (M0 PINgG PAREIP (1M Ylim) suotitpuod Junesado 3qissadoe jo sduel WAIND IO urk
‘ned wdiam a5 ¥ puR (wu ££9 Jo ISuNIAEM B IR) QuEEutu:u.m nys vl :n
ST S1UPWAINSeA el uoliisodaqg -pauuerd Az UOMIPPE 191BM PI([OLUOI Yim SuswLadx u..um,n w
ydnoyie ‘wapqord ayl Sieunnsd 01 paacidwi sem Juijpuey Sed pue N0 UMOI Aam mEuEw_u s
I3 woy eiep Nes UoNSoda "IZZOU I JA0qR JaqURYD Furxiw iuaded (N O0C) P uEum
y s3pa1red Ot L jo 20U A WOy PILIALT SEM LOLBUTWEILQD SIEM SIUAWLAXI 100 JO o
U] asuesadwal Woos 17 USAS FIDLY, (i AIUSIOIA SIDRAS L S0UIS JIIBM OU AIATINAYJR E_Bowwm« A
uortisodap asnseaws o1 sem uonuaiut inQ (wdd ¢ > Ol Iy Lund Y3y enpn) pasn e s sed
A1p A1u0 pue UTU YIRS 350J9q SINOY (RIS 10] B4 ()] 03 umop padwuind st J01oea1 A %oﬁ«.ﬁ:ﬁ.u::
I21BM DIOAE O], °SAAfEA pue s3utiily [931S SSIUIEIS tm UOPA A58 MDIL A4l uE 4 u._uammem
11E puE 19qqng pinbiy Iruesdwal JURISUOD € S132IN0S MDIL AL IILIPIXO 553X Aulsn oo
ediN [ 18 IV/QIN/TIDLL PUB JV/ZQ/MDIL Wosy uoilysodap eiuei JOJ uddq daey mEoE.Nra:a
Keununarg (W = 32840y joid3dsns auydesd paieay-4y ve uo SIS :u_:a.o.gmna xm.._wo.uua
paystiod & uo addwi pue I(zzou eunwnie 158 BuIIIIAU0D B ydnoay mopy *doy a3 Eoc..-o.uuﬁ
Ut s31u9 sed soures pue Juaeal Pl (T) AUNBY UT AESNEWSYIS UMOYS ST J00BIL Y] Joeas
AAD 19 3uiindwy sudwwAsixe ve Juisn suontpuod uodsuesy pautjap-{jam uom__: 1d w..
aipp FuneBusaaur moU 218 3m [3pOL [EINAU0YT INO 30 swawaaosdw 3pind 10 Kjuaa 0,

TVINIWIHIIXT

e

B i i it e Sl o B et e s st o b it rnttic e nihee o o = dov o o

SIAUNSTA jRI-(JA D INO WAL duied o
Aemiapun Kuains st [4A jo A3UTOEA U3 11 SuOHIpUO) uonisodap Yits SANIINNSOLIW nsodap j0
UouL(a.L0 (et ad ks uoe1do pue udisap roteas AAD pin3 01 st ys0m S141 30 (008 Kwwind
© 20UIS 'suotieluy [eudistyip iqe1oasdde 50 195u0 sy puE 1g A WI0Q mo[aq saresadwa asepns
18 31e53do ) Asessanou 3q Aew o SAMDIUISOIDNL 150dIp 2{QTIFION UILIGO 01 '134IMOH vl
aseyd Jodea 1uatdyauy ug 3ynsas pinom suonrpuod dunesado jewndo *sares uosodsp sztwivew o
Tey) Waptas osje sty (swawisadxa 52103145040 Ul S1U9AD Jo 2duanbas a1 Ajqewnsard) uordas
4J0-11B} 3y1 pUB 1A 01 A10911D [0U03 JIduTY SNoauaBelaay WO GOIHSURII € W AS3T SoiIauny
SIELNS L3M01S "uotFas J10-(je) tes vonisodap asmeradwa 41y au1 pue 14 A 0 AgiTuy pur [oau0d
UOISTYIIP O3 [011U0D JnduLy snoauadolaiay Wolj uomsuess € st axap (adiey Apuatayns st e
UM ") ISeJ ALUSWILINS 1 UOIIRIL $N0UA30IANAY Y1 UM 18 AON (1) undy ur umoys
e ¥Ug < Woug yayw 1jo-jre; aunieaadusay 48ty paradxa sy sAedsip yarym wedees Junung g1 jo
XNy A5TUNS i J0j wOISSAXS UIOY PISOLD WIS B LILIGO Im *( [=U=W ) SUON2e3s SROFUIZ0INAY
PUE $T103U2T0W0Y 13PIO 1811y JO I5EI Y 104 *SUCHIEA S003U3301313y pue sno3uadowoy Iy o)
S1aquunu 13jyowe( e Hueg pue Yolwsesg pue Anagsnyyip ¥t sarsads Suniwy 3@ 51 q asaym

J.J ¢ q

Ty 1A°00)- 5 m Humg
a%w ¢ ™) %q » woupg

ssaauiered SSHUOSUWIP K3y dumoriag 3y saafoau
uonn{os 1no "3 1/ | sapisag ‘sstdivua UOHBANIE Jlay afe Pig pue Woug pue 'S10308) {2husuodxd
-a1d uondear snosusdornay pue snoauafiowoy sy are g pue v “Ausuap sed ayp 51 d asaym

g2y -0hg ="Y
(g Pl d) v = Moy

' Uuoj 3 o ‘wadeas Sunruy
3{3us v 10§ 19f pue WUy sares UOLIIE fEdwaYd Snoduadosnsy pue dowoy reqofd sdu
(¥ PUE (I << ™ Ly/U0ug) sanauny feotwsyd snoausdowioy £312u3 voneande yity (€ 154ej Arepunoq
sutod uonieuders e Junuasaidas 9 SSAORP Jo wiy sed weudes jpuoisuawip-auo B ydnong aoeuns
uomisedsp ay o1 podsuen (7 ™1 18 depns uotiisodap toy € uo Fuidudun 21 anesadua W
¥ Weass sed wadeas plod € (1 3 apow poytduwys yussaid ino ur suoudiunsse £ay £y

“1he1qns Sunoear o w sasso] Juadess PUE ‘UAIMAI2A2 UOISTYjID
X0t 5e {lam se 31210 J0) 1N0dYe YAYMm xn)f uomisodap 3 pUE ENSQNS ) 03 [ewuou (A X0 yyosd
uonOBY SSBW WITeAs U0 10 suotssadxa wITgo pue Lodsurl; ssew $3193ds [RUOISUAIP-2UD

J0j uounjos snoidwAse sdwis e essuad o qissod S1 31 {p3uijuod 3se suonoeas snosuadowoy
ire yomm 03) Jakeiqns 3unoeas sig Jo ssauunp Iy Jummoidxa &g stensqos 104 sy a1
wioe(pe Jakejqns Sumoe Aifealws3yd unp € pue votdal sano L3201, A[Teonwayd € 3q prroys aay
saimesaduway rem yay Apuaiay;ns e UAR *(1ueIsu0d s A Sty AIym) [ << (* LY/0ug) pue
w7 £§13u3 uoniEAnIe 1240 Wardde ue Yiim ssao0ud AR1aus voteande yBuy Rwos 4q pIjjonuod
i SUOHJB3I snoduadowoy Ay §1 ‘(8] SwaisAs GAD Aensens j04/5ed piod jo ased jeadLy
jeordAs 3 10p spnpod Jumsodap-uou w [N$33 suondeas snoauddowoy usym Suel vontsodap
Jodea uo yopoea snoausSewioy Jo 13952 ayy 121pud 03 papudy §) Ko oS1seq Yy

AYOIHL WTI4 ONILIVIE AOYINI NOLLVALLDY HOIH

IdA puodxq
uoi8az gJo-jfej 9wy erep s1es uonysodap Buisn ssa1wvand dpaury snoquaSowoy [yasn 1RO




10138 (GAD) INO JO UOMINNISUOD
pue udisop 3 W )2y A 205 doys sunpde sgard wiesy Jutmo() Y pue doys autyoew wapnis
3Y) 30 TUERY KYO L Of I US[E e SYuey], (OPIQITD LDIs PUE "Wodng 3D “JIUS) STV
jetnsnpul qe] AYDLH A M1 PUT £TT0-68 WD dpun 33104 1Y §1 At "pE8-¢ OVN pue
LEO0S-OLN SUTIO) 13PUA 1AUID YUY SimdT YSVN 4Q pauoddns sexn (10110023 (FBILH)
Jun2andug uondedy LoD amisadwag udipf ATA Syt i IR0 PIVICI) NIOm SHYY

SINAWADAATMONADV

2183 WAWIXTW Y1 1T LMOTUIS0INW PANSAP J0 swify 2anposd
01 papaeu suotpuod Jurtesado s puty iy U 1w 1dA JO KHULIA 3 UL SRS QW nsodap
JO SUDIIEJILOT LGRS Yitm SUONIPUOS 1SUO 14 A 0 uonpasd Sudno) -suonenuyg
[BUGIST JIP DUT [ A SUIDIOAR (IS fiym SAEL LO11IS0d3P H(QISSOd WNWIXEIL 3y SA3IYOR OF MOY LD
sipoundu $530024 pur SI3uiSIP S010ea 01 BUIIL [euohes apiaoid (jim 1 pALUIIA Aewawxdxa st
“SuotEItIPOw 1ess309u Aue i - Kioap unty sl Jundeas A313u3 uoueande ydry Mo U0
‘saiuadosd jeasAydowssayt sqeuea Jog Jununosse pup *(Swsks njip-uou
05 moy uejag Jupnyauy) wiy sed nreuders wafeainba ue o1 pasoddo se oy snOISIA (23 Junean
31T UONEIIPISUOI $30UA KIGIYL JSTQ Y1 OF SUIUAIRYUI PIEmI0j-WIIRIS JU0W 1O SIUAUTY
UOHATA2 SNA2UITOWOY TUBAI(AL Y1 JO UONFLISIP xalduiod iow ¢ $Asrbas 1013831 GAD W 1A
104 A10341 {nyasn Kue eyl 3PNEIUEI o Jsmewasd 3q PINOM 1t *JIAPMOH ‘stuswuadx? votnsodap
Lleunuiiaid Umo INO YA JURISISUOD Biep et JAD Ss0deiusoyny pue K103y1 juasaud
Fuisn pIICWINIS? SINIULY UCIIEPIXO SNOIUITOWOY Ut A5 JOU - siodeysoyn jo miep i voptsodsp
3 i |1} Sonauiy wonepixo P11 snosusiowioy 12oi3 uo 1P S0 M0)) [BULIANOSE U338
A1IU0I3L 0F JQTUN ST AIOR JNO JO UDISIZA WILINI U1 Jeyl ITPIImouYIL Osfe Isnw Im
UGHIPPE 191 PAIONUOS (itm SWAWUAAX3 AQ PAUTULIIP U 13 10U SBY J3iEM JO
SIUNOWIT 2304} 01 WSISAS P JO ANATNSUIS AU, *ATNSANS I O3 WIILIPE 1348] ASTPUNOQ [PUsiag a4t
W sy 0uIpisa WIFeas HOYs A1aa 1 st amssard dudydsoune Je J01O23 30 1 N Q0L T M JAA
Bwaatyde w AINILHIP SN0 JOJ UOSTII SNOIAQO ISOW IYL “WINSAS [2IMWLIYD {eardA10303d dwses 1oy
ParjuaA Ajmuawuadxa udaq suY I3 i 3oue suotieddde QA D AuTw Joj yryasn 3 ol EIXULATIEN
sty sed Junoeas £310u3 voneande ydiy Jo POt dISTq INo 1L UIPHL0I Are am (T -3u) 1010831
1af urduidwt ano u uoudt seyd sodea ML IA19SA0 01 I(GE 4 134 10U 2ATY Im AIUM

NIOM FANLNL ANV SNOISHTIONGD

‘] suowr13dwan Jamo]
1 3seud sed Jip U1 19833 0) UMOUY SI[EIANWOUREI0 PUB SIIN0S 2NN IANED] 350U IPA{IUL OSEE
feut stuawnsadxa aming 5133339 paredioniue 2 9413 Ajjeusy Apiw SUOREIIAIN0D OIN ydy s
104 *sarnesadiuz 29BLNS JQISSIIIE 18 [ A JO IIUIPIAI JAISH(IU0D uIALd 1K 10U ey OOT PLe OF
*0z = MOLL/OUN 103 Suswiadxa Arewiwnald '{71] mesaduit {{A 3l 13m0] PROYS put “joeus
10 uei) 13158) YONW ¥ PINoys (3)MDLL Jo yoeue wore g (sw L~ Jok®) Arepunoq [EUUR) UL
W0 0UIpIsal) suontpuod Jutiesado prepues 300 23pUn N 0OY1 - 00t L1ydnos 12 O Jwore pue IN
03 B1BII0SSIP 03 sudaq QTN Ut *321PIx0 ue SE OUN Suisn Sem PAISPISUND 3w yaeosdde Jayiouy
(0€ < SKRMIE YIDLLO im) M 00§ T 18 Saies vonisedap uo 129))a JAQeInSTIW OU PRy (srswuddve
a108eI4SOYD) Y3 UT 58) BN [ 01 {0 Wwoyy unssasd jered 1O Sy duiseatauy “IdA Tedld e itk
10U pIP SIY3 10 (1348} KIRPUNGG (RALIDL A UL 3wt auapisas wadeas 3 duquop 1) des Moy
sed 1101 3y Swnajey patn Iaey am soseas uwadurduir 1l o sanesadl 19mof i€ In200 01
1dA 22103 0, “sistaurered Sunieiado 1010891 01 ANATISUIS S PUE T A Aprus 01 208 Mo 10q ‘WY
2oty Cwtenb ydiy aonpoud ot Aidwis sem [eod 100 Ji smou Pood 3G prom IdA uiproay
“SUOIIPUOD A U1 AouedIsip
30 01 MINGUILOD OSfe AW SampPadxd (N0 10) S,CTEIOYD) U1 YONIRYNKZILOD 1M es)
*§0198 U1 U1 53002 Furteinanaas uy 2iqisia Ajurerd a5 A ang 13l wddeas Krewiud g ut pIaJIsqo
are sapanued ou swawwpadxa Jno uf 1B {239y "densqns wonisodap Sty punole uoHIR ML
vaAup-Kouekong Jog Anaissod ap Jurpn(su ‘Huswadys S, 208e1SOYQ UL SUOILPUCD uodsuen
I U SAUTBLSOUN AR 3491] "I3AIMOY 'K1034) 4no U paresodioaut mou ST YRy su0NIE [EDHUIND
snoauadowoy JO WAUEAN PALINSIROS Jow & annbaz eut 0s 0P 0, "PAALOSA UK yak 30U ALY
SHFUIISISUOINS 3SIYY, "PIAIISQ0 10U SBM YIHYM 'SUOLIIPUQD J0I0EA IR0 JIpun §f Q0gt Auo e tdA
1ipasd pinom K1094) 21Seq SN0 "Biep 5,0ReWSOYD) WOK ABM S Ut pAiewss AZ1aua uoeAnOe
4ty o Buisn *saouuyung Aous/ry 68 paysiand sy o} pasoddo se ajow/(y Spe Kiyanc Jo

8

B o D T D TR Y L S S P S N U IR DO TV

e

Ri.h%_uv_k&w\ _u__h =10y

10+ YD1 woy sarey uontsodag
IO PazijeuwiiopN Jo 10(J Sniuaylry
£ andiy

,:u: “LIt

" o . . ' * s

wdd go¢ > ML s g
007 = My
Wi [ = g
0 %00k / D 4p
N wulo gl /von O

[S7u1) 1Py

DML s
M1/3L
ot 80 90 4] z0
' ! 1 T
g =dn

0€ = 21 /14g
by = 2p3 /g
om:xw.m = E:;:EQ

«_EMJ.COmwz.w.:DIII:.

1ovdassns apydesS (p
NSNS (> SPOd Yy (G djul juadeas (e
Joea AAD 12f SwiSurdwy sinawwdsixy
'z aindy

32005305 DU pneyx]

J
3390 anafy
LM T
AN e \
& sanudsweay

IPGIPAOG L 1S

101301 UOISNIIP [ruuang = 1o
— XD\{f UOISNIIIP 3JUBIIJBL = Ju-Jpip,

" 3ensgns Je xny) ‘dop = ,HH

ak;]'!brl A\r})lao,]

SUONIPAL]
Asoayl wid sanejuasaiday
'} Sy

Il

Lien B et e ——_ e

B R R L e o




(6861} €667 (O19ET 20§ "Wayd01dAT °f 1o # joxos-ddey) ‘q'(

(0661) 8Y1T "(LIEL 7208 WeIDY WY [ IO 12 SIS TS

(0661 Sunuug pig) v, 0€ d9d (9861 "uoisog

.mﬁozgﬂmv N A T p ] S .._ocmox 3qg
09-6% 44 (0661 N LO1BLIULIY "T(-06 301 "308 "WIY0DIT) NI ‘M 5

pue seads 37y 4q panps [N TOTISOIST TITA TESTUSY W SUjo7) [ put Jousoy '3Q
.::Hadaas=93332T25,E&3262mq

'Pgg ousaded “Junsa JUINY 0661 U 3¢ parwasaid sousoy 3'q puT oSy [

(6861) 02y 86 "Wmaug) 1507 °( "prEjlog "N pue ofofprmaii)

(§861) S6L1 (QUFE “sAyg “iddy °f der "emesg ', pun vwrdiwoy ‘K

BZLI-6 1T dd {61 (N wotduruuag g (g Xud 205

“WAODRNF) VAT "M 'D 4Q Pattps X OIS TOTTA, TESTUISTS o *7 12 eureAuioy 4
WOL61) BIET IO1LET P10 BN

TV pur u0Fergsoun ‘N HOL6T) 626 (FILLT “I08 "WIGI0RIANG “f ‘0FESOND) N'§
16461) 0TT (LI9T] *208 WHIIAT °f *70 12 Jojeg Iy

(LB61) "6TTE (019 17 10§ 14N ' TRIH "] PUR Twe Y H

{9BO1) 6UF "FL "tHM0ID IS [ D 12 yseRy A

~ei
-

<

—riri® i G o

SIONIYI3Y




.y
Form Approved
REPORT DOCUMENTATION PAGE e e tan
Pubiie rpporang SrOrn §5¢ Yha SHRICHON OF INfRrMeUON B PG W9 o0t 0 | Ninw POr "W " the Lane ter ‘mnmmuum
g e e ] Ung onel revepurg the COROCTION o mter Sond e Wmvmohr"‘-nun
e o oo s L e oA B 1 ot o it 5 e 11 e
" NCY USE OMLY (Leave Diank) ] 2. REPORT DATE 3. IQOIT TYPE ANO DATES COVERED
I act fbet 1993 Repriat:Comb.Sci Tech.89 335362
4 TIILE AND SUBTITLE % FUNDING NUMBIAS
Thermaphoretic Effects on Particles in Counterflow PE - §1102F
Laminar Diffusion Flames PR - 2308
SA - BS

& AuTHORG) G - APOSR G|-0170

ALESSANDRO GOMEZ and DANIEL E ROSNER

7. PERFORMING ORGANIZATION MAME(S) AND ADORESS(ES) & PERFORMING ORGANZATION
HIGH TEMPERATURE CHEMICAL REACTION REPORT NUMSER
ENGINEERING LABORATORY
YALE UNIVERSITY
BOX 2159, YALE STATION
NEW HAVEN, CONNECTICUT 06520 U.S.A.

WW

A AND ADORESS{LS 18. SPONSORING / MONITORING
9. SPONSORKING / MONITORING AGENCY NAME(S) ${t$5) A at o
AFOSR/NA

110 Duncan Avenue, Suite E115
Bolling AFB DC 20332~0001

11, SUPPLIMENTARY NOTES

12s. ISTIIBUTION / AVALLABIUTY STATEMENT 126. O TRIBUTION COOT

Approved for public release; distribution is
unlimited

P ——————
13. ARBSTRACT (Msaimum 200 words)

Abstract-~Thermophoresss. meaming particle dnft down 2 local gas temperature gradisnt. 15 now hnown
to be imporiant 10 many combustivn-related technologies. Untl now, however. fy ditect expenmentat
determinations of primary and aggregated parbicle thermophoretic diffusivities. {ay Dy, 1n high temperature
combustion environments have been reporicd. To perform such measurements. we selected 2 seeded laminar
counterfiow diffusion flame (CDF) uperated at low strain-rate as a well-defined combustion svsiem. orfering
at the same hime a low velociny and high temperature gradicnt environment. We established a CH, Q. Inent
opposed jet diffusion flame i which the gaseous tuel-oxygen ratw. and the diluent flow rates were adjusted
to obtain a flat, stable flame. approxmatelv comntident with the gas stagnation plane {GSP) Parucles fed
to or formed on either or both sides of the GSP move toward this plane unul the local awal velcs 1
exactlv counterbalanced by the thermophorenc velooity. As a resuit of this dvaamic “equiibrium™ condinon, a
paricle stagnaton plane (PSP) 15 established on one or both sides of the GSP. resulting in the formation of 3
readily observable “dust-free” zone Dramatic confirmation of this phenomenon is offersd by using lasersheet
visualization of the region, which reveals a thick dark zone, the dust-iree volume. that contrasts with the
bnight panicle-taden regions. This ~“phase separation” phenomenon allowed ws to determine Ti0: particle
thermophoretic diffusivities by: 1} measuning the temperature feld using fine thermocouples. n) Mmeasunng
the thickness of the dark zone (1e. PSP-positions) ustag lascr hight scattering. and ) measuring computing
the axai gascous convective veloary at the partice stagnanon planeis). Expeniments any calculations indicate
quaninauve agreement between these measurements and kinetic theory predictions for solated spheres at

> 1 in the case of CH/O:/N,y diffusion Rames Replacement of Ny with He as diluent resultzd in a
much thicker and more readily measurable parncie-free layer, but yiclded nly qualitative agreement with the
theory. because of uncertainties in the gas compouition 1n the flame. as well as pussible contnbutions from

taneous diffusioph mech In some ‘sooting’ diffussion Hames, and in “synthesss’ flames in which
particies are the desired products. both Jaminar and turbuient. it is shown that thermophoresis can influence
particle residence times in the decisive regon where nuclcation, growth. coagulation, uintening and oxtdation
occur. as well as parucle temperatures, which influence partcle morphology and radiative heat loads We
bneflv discuss the nun-premixed combustion conditions under which these thermophuretically-induced effects
ate hikely to be appreciable.
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